[] Infiltration into well-sorted sands can show an anomalous behavior called saturation overshoot where the saturation at the infiltrating front is higher than the saturation behind the front for certain fluxes and initial water contents. Similarly, capillary pressure overshoot is defined as when the capillary pressure is greater behind the front than it is at the front, which is contrary to normal infiltration. In this paper, pressure profiles are reported for water infiltrating into sand for a range of fluxes and initial water content. Capillary pressure overshoot is observed for sands with an initial water saturation of 0.06 and less, while no overshoot is observed for greater initial saturations. Capillary pressure overshoot does not show much dependence on flux, but the capillary pressure at the front does decrease with increasing flux. These results are combined with the previous saturation measurements, and it is found that the capillary pressure-saturation imbibition curve is not dependent on the velocity of the front. The implications of the results on the stability of three-dimensional flows are discussed. 
Introduction
[3] Typically, infiltration into uniform water-wet porous media shows a standard pressure profile where the water pressure is greatest at the source of the infiltration and decreases monotonically further into the infiltrating profile. But infiltration under certain initial and boundary conditions has been observed to produce a phenomenon where the capillary pressure is lower at the infiltrating front than behind the front [Stonesirom and Aks'tin, 1994; Geiger and Durnfbrd, 2000] . This has been called a pressure inversion or equivalently, capillary pressure overshoot, as it has parallels to saturation overshoot where the water content is higher at the front than behind the front Glass, 2001, 2002; Egorov ci al., 2003; Eliassi and Glass, 2003; DiCarlo, 2004; Shiozawa and Fujimaki, 2004] . Capillary pressure overshoot has been argued to be a necessary condition to create flow instability in uniform soils and the subsequent preferential flow paths [Raats, 1973; Geiger and Durnford, 2000; Eliassi and Glass, 2001 , 2003 Nieber et al., 2005] .
[4] For unsaturated flow, the capillary pressure (Pa) (defined as the pressure difference between the nonwetting phase and the wetting phase) is related to the saturation through a hysteretic, nonlinear curve. This curve is known by various names (soil characteristic curve, pressure-saturation curve) and, for the same saturation, has a lower capillary pressure on imbibition than drainage. Importantly for infiltration theory, pressure and saturation overshoot cannot be described by Richards' equation with standard nonmonotonic pressure saturation and relative permeability curves DiCarlo, 2005; DiCarlo, 2006] , but it is likely related to the infiltration front being very abrupt.
[s] Measurements of capillary pressure at sharp infiltration fronts have been previously performed. Weitz ci al. [1987] and Stokes et al. [1988] looked at water displacing decane in sintered glass bead packs. They found that the capillary pressure at the front decreased with increasing applied flux and even became negative at a flux of 1.2 cm/min. The experiments were horizontal, and no capillary pressure overshoot was reported. Annaka and Hanayana [2005] also found a velocity dependence on the capillary pressure for water displacing air in glass beads and sea sand. Weitz ci al. [1987] suggested the following empirical relation fit the data well Pc = Pce (i ( INc. (I) where Pce is the singularly valued static capillary entry pressure, a and 3 are fitted constants, and Na is the capillary number defined by Na = /R/(T.
( 2) where li is the viscosity of the more viscous fluid, or is the interfacial tension, and v is the velocity of the front. Although equation (1) gives decent fits to the limited experimental data, the constants vary quite a bit from fluid to fluid and media to media [DiCarlo and Blunt, 2000; Hanavama, 2005] . In all of these studies, the medium had no initial saturation of the invading fluid, and no saturation measurements at or behind the front were reported.
[6] In this paper, the capillary pressure behind an infiltrating front is measured for a range of infiltrating fluxes and initial water saturation. The capillary pressure at the front is found to decrease with decreasing initial water saturation and increasing flux. Capillary pressure overshoot is found for sands with initial water saturation of 0.06 and below, but with little or no dependence on the applied flux. These measurements are combined with previous saturation measurements to obtain a complete measurement of the water state during these anomalous infiltrations.
Experimental Method
[7] A washed, sieved 20/30 sand (grain size range of 0.60-0.85 mm, d50 = 0.7 mm, Ksat = 15 cm/mm, Unimin Corporation) [Schroth et al., 1996] was the porous media of choice in order to match up with the previous saturation measurements [DiCarlo, 2004] . The 20/30 sand was packed into slim cylindrical tubes (40 cm long, 1.27 cm in diameter) which were small enough in diameter so the saturation was uniform transverse to the flow direction at all times (that is, there was no observable preferential flow in the columns, as the column diameter was less than the observed finger diameter in slab studies [Glass et al., 1989; Bauters et al., 2000] ). A one-holed rubber stopper and a screen were placed in the bottom of each tube to keep the sand in the tube while permitting airflow out the bottom. For initially dry media, an extension tube was attached to the top of the column through which the sand was continuously poured from a funnel through two randomizer screens. The top 10 cm of the sand pack (which was within the extension tube) was then removed to ensure a tight sandpack, with a porosity of 0.35. For initially wet media, the sand was premixed with the appropriate amount of water to achieve the desired initial saturation. Then the mixture was dropped into the tube in 3-cm increments, after each increment, the sand was tamped with a steel rod [Dirnent and Watson, 1985; Bauters et al., 2000] . This resulted in a uniform packing and a repeatable porosity of 0.37, slightly larger than the dry packs.
[8] A miniature tensiometer placed 15 cm below the top of the column provided the pressure measurement. The miniature tensiometer's housing consisted of a Swagelock fitting (Straight Thread with 0-Ring Seal SS-200-1-OR) on which the straight thread side was counterbored out to a diameter of 4.76 mm. A 1.6 mm thick, 4.76 mm in diameter stainless steel porous plate (Mott Corporation) was attached to the fitting's end with epoxy. This provided a connection to the water phase in the porous medium. The other side was connected to a 1-psi pressure transducer (SenSym) through 3.2-mm diameter nylon tubing. The pressure transducer was calibrated using a water column before each run, and an estimated accuracy of 0.2 cm was obtained. Using an external reservoir, the initial water pressure in the tensiometer was set to -20 cm. This level was low enough to prevent water from leaking into the sand from the tensiometer and was high enough for the tensiometer to still have a fast response time (that is, the water in the tensiometer's porous plate could be easily contacted by the passing wetting front).
[9] Once packed, water was infiltrated at the top of the tube through a 22-gauge needle. A syringe pump was used to provide water injection at uniform flow rates from 0.001 to 2 ml/min; at higher rates, a peristaltic pump was used. The infiltration was stopped when the water reached the bottom of the column. For high infiltration rates (greater than 0.1 ml/min), the tensiometer was turned on by disconnecting it from the reservoir at the start of the infiltration. For low infiltration rates (less than 0.1 ml/min), the tensiometer was turned on when the wetting front was less than 5 cm from the tensiometer to prevent the porous plate from drying out before the wetting front passed. As will be seen in the data, at very low fluxes, it can be difficult to keep the tensiometer in a "fast response" state (no water leakage but ready to respond).
[to] In addition to measuring the water pressure using tensiometers, the air pressure in the column was measured. This was performed using a completely dry tensiometer with an air connection to the pressure transducer, thus only sampling the air phase. No change in the air pressure was measured during any of the infiltrations.
[ii] The capillary pressure is used throughout when reporting the results. Since the air pressure is constant, the capillary pressure is the negative of the water pressure and is equivalent to the water suction, a commonly used term in the soil physics literature.
Results
[12] Figure 1 shows the capillary pressure versus time for water infiltrating at a flux of 0.8 cm/min into dry 20/30 sand. The timescale has been offset such that t = 0 corresponds to when the front reaches the tensiometer. At the front, the capillary pressure is a minimum value of 3.5 cm then increases linearly with time, until reaching a value of 13 cm, after which, it becomes constant with time. This final constant capillary pressure state corresponds with the constant saturation state seen well behind the front in saturation measurements [Selker et al., 1992] . As this constant state is a certain distance behind the infiltration front, the time it takes to achieve the constant state scales roughly inversely with the applied flux. Before t = 0, the pressure read by the tensiometer is the initial pressure within the tensiometer housing. Here, and in all of the experiments, the capillary pressure reading is slightly different than the reservoir's pressure (20 cm), as it varies slightly upon the disconnecting of the reservoir. It is important to note that this is not the initial capillary pressure within the medium as there is no connection between the water phase within the tensiometer and the minimal water phase in the soil. Instead, the initial capillary pressure is likely much higher because of the minimal water content. Still it is apparent that for this infiltration, the capillary pressure shows an overshoot behavior versus time, with a high initial capillary pressure, a low capillary pressure at the front, and finally a higher capillary pressure behind the front. As the capillary pressure ahead of the front is not necessarily measured by the tensiometer, in all the subsequent figures, the pressure is only shown from t = 0 and beyond.
[13] Figure is greater than seen for Si = 0.00, and the increase is slower with a lower final capillary pressure. Likewise, for an infiltration with Si = 0.06, there is an even larger capillary pressure at the front, with slower increase with time and a lower final capillary pressure than seen for the lower initial saturations. Finally, an infiltration with S i = 0.14 shows the greatest capillary pressure at the front with no increase versus time behind the front. Thus for the infiltration with Si = 0. 14, there is no capillary pressure overshoot.
[14] As can be seen for the flux shown in Figure 2 , the greater the initial water saturation, the greater the observed capillary pressure at the infiltrating front. The capillary pressure at the infiltrating front also depends on the applied flux. Figure 3 shows the capillary pressure observed at the front for fluxes ranging from 0.001 to 10 cm/min (near the saturated conductivity) for initially dry sand. Many replications were done at each flux, as there is quite a bit of scatter in the data, especially at low fluxes. Some of this scatter is due to the fact that the tensiometer has to "turn on" as soon as the wetting front hits it, as it is not connected to water in the column before the front arrives. If the "turn on" is not immediate, a larger value of capillary pressure at the front may be measured, as the pressure increases with time behind the front. Also, random changes in packing will affect the water entry pressure and the pressure at the front from column to column. In any case, as a general trend, it can be seen that the capillary pressure at the front increases with decreasing flux. There is a slight digression in this trend around 0.05 cm/min where the capillary pressure at the front is a local minimum. This dip seems to be real, as this measurement was repeated many times, and will be discussed later in the paper.
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• . $ S . $ . . Figure 3 . The lowest capillary pressure measured at the front versus flux for initially dry sand. Each point represents the value of the lowest capillary pressure for a given experimental replicate. There is clearly some scatter from each infiltration measurement (especially at low fluxes), but the general trend that the capillary pressure is higher for lower fluxes can be seen. [15] Capillary pressure measurements versus flux such as those shown in Figure 3 were also taken for the sands with different initial water contents. Figure 4 shows the average capillary pressure at the front for fluxes ranging from 0.003 to 8.0 cm/min and for all four initial water saturations. Note that these data are produced by averaging the measured capillary pressures among the replications for each flux from Figure 3 . Here two trends can be plainly seen. The capillary pressure at the front increases with decreasing flux, and the capillary pressure at the front increases with increasing initial water saturation.
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[16] In addition to the capillary pressure at the front, there is interest in the magnitude of the capillary pressure overshoot. Here we define this quantity as the capillary pressure at the tail of the infiltration minus the capillary pressure at the front P(overshoot) = P(tail) -P(front).
[17] Figure 5 plots the average capillary pressure overshoot as a function of flux and initial water saturation. Note that if the capillary pressure is greater at the front than the tail, there is no capillary pressure overshoot and these points are displayed with a capillary pressure overshoot value of 0. A few interesting points can be seen in this plot. First, even at low fluxes, significant capillary pressure overshoot is observed for the initially dry sand. This is in contrast to saturation overshoot which becomes negligible at small fluxes for the same dry sand. Second, capillary pressure overshoot appears to be more of a function of the initial water saturation than the infiltrating flux. Negligible overshoot is seen at the highest initial water saturation for all fluxes, and the magnitude of the overshoot increases with decreasing initial water content.
[18] These pressure measurements can be combined with previous measurements of saturation overshoot [DiCarlo, 2004] to give a complete measurement of the water phase during the infiltration. This is done by matching the previously measured water saturation versus time (at a point 15 cm from the top of the column), with these capillary pressure measurements versus time, by setting both times equal to 0 when the front passes this point. Figure 6 plots the pressuresaturation behavior for the water phase behind the front for infiltrations at four different fluxes into dry sand. The highest flux (8.0 cm/min) produced the highest saturation at the front and the lowest capillary pressure. Behind the front, the pressure-saturation data followed a typical drainage scanning curve with decreasing saturation and increasing capillary pressure, until finally stopping at the saturation that corresponds to an unsaturated conductivity of 8.0 cm/mm (S = 0.8). Similar behavior is seen at the lower fluxes, albeit with a starting point of lower saturation and higher capillary pressure and ending points of lower saturation.
[19] Three main points can be seen from these pressuresaturation curves. First, the starting point of the drainage curves (or equivalently, the water state directly behind the front) is determined by the infiltrating flux. The higher the infiltrating flux, the higher the saturation and the lower the capillary pressure is before the drainage commences. Second, the drainage curves look like typical drainage scanning curves [Selker et al., 1992] , or in other words, behind the front standard unsaturated models (for example, Richards' equation) seem to apply. Third, the starting point for each drainage curve is effectively on an imbibition curve. Thus the locus of the starting points for all of the infiltrating fluxes will produce a dynamic imbibition curve. . Measured pressure-saturation curves (symbols) for infiltrations into initially dry sand at four infiltrating fluxes. The lines are fits to pressure-saturation data obtained from static measurements of drainage and imbibition [DiCarlo, 2004] . See color version of this figure in the HTML.
Capillary Pressure Overshoot
[20] Figure 7 shows the starting points on the pressuresaturation curve for the infiltrations into the sand column for three different initial water saturations and of varying infiltrating flux. For each point, the saturation value was the average saturation for at least two infiltrations, and the capillary pressure was the average capillary pressure for all experimental replications (depicted versus flux in Figure 5 ). For infiltration into a particular initial saturation, lower infiltrating fluxes produced lower saturations and higher capillary pressures at the front. But each initial saturation state produced very different saturations and pressures at the front for the same infiltrating flux. Referring to Figure 7 , it can be seen that the cluster of points around a saturation at the front of 0.4 come from infiltrations consisting of a flux of 0.016 cm/min with Si = 0.00 (closed circle), a flux of 0.24 cm/min with Si = 0.03 (closed triangle), and a flux of 2.4 cm/min with Si = 0.06 (open circle). It is interesting that at the same saturation at the front, the capillary pressure is the same, regardless of the infiltrating flux or initial saturation. Also, the curve mapped out by all of the points follows the static imbibition curve but at a level about 1 -2 cm below the static curve. The significance of this small difference is debatable, as the curves are obtained through different techniques, both of which have an accuracy of about 1 cm of pressure at best.
Discussion
[21] In general, the pressure results can be summarized as follows:
[22] 1. Capillary pressure overshoot is observed for infiltrations in which the initial saturation is 0.06 or less in dry sand.
[23] 2. Capillary pressure overshoot decreases with increasing initial saturation and does not show much dependence on the infiltrating flux.
[24] 3. The capillary pressure at the front increases with decreasing flux and increasing initial saturation.
[25] 4. The capillary pressure-saturation curve at the front is not dependent on the velocity of the front.While these results can be seen directly from the data, below an attempt is made at highlighting their broader implications.
[26] First, it is instructive to note that results 3 and 4 match up qualitatively with traditional soil physics concepts (i.e., the Richards' equation). This being said, traditional concepts do not predict any capillary pressure overshoot (results 1 and 2). This is likely related to observations of the wetting front being very abrupt for infiltration into this medium.
[27] Because of this abrupt front, the measured capillary pressure at the front can be thought of as the water pressure that is required for water to enter a new region of the pore space. This has been called the water entry pressure and is often assumed to be single valued for a porous medium. In previous studies, the capillary pressure was fit as a function of front velocity to the empirical expression shown in equation (I). Different studies [Weitz et al., 1987; Stokes et al., 1988; Annaka and Hanayama, 2005] gave very different constants in the expression which assumes that the capillary number is the relevant driving factor for the capillary pressure at the front. The results presented here can also be fit using this expression, since for a particular water content, the capillary pressure at the front is lower with higher velocities. But this would require the constants in equation (1) to be functions of the initial water content.
[28] A more realistic way to understand the relevant physics is that instead of a single valued capillary entry pressure like that used in equation (1), the capillary pressure Imbibition Curves 1c--0 Si=0.00
A S1=003 8 0 5=0.06 is simply given by the imbibition curve. Figure 7 and result 4 (beginning of this section) suggest that at a sharp front, the imbibition curve still is correct even for high-velocity infiltrations. In other words, there is no explicit dependence of capillary pressure on velocity. Thus to understand what controls the capillary pressure at the front, one needs only to understand what controls the saturation at the front, as the capillary pressure and saturation are always tied together through the imbibition curve.
[29] Qualitative pore-scale arguments have previously been given on why the saturation jumps to a certain value at the front [Lenormand and Zarcone, 1984; Hughes and Blunt, 2000; DiCarlo, 2006] . In basic form, the arguments state that the absence of initial water makes it more likely that the pores will fill through collective filling processes which preclude intermediate saturations at the front. Quantitative comparisons using a pore-scale network model have been moderately successful in reproducing the saturation at the front as a function of flux and initial water content [DiCarlo, 2006] .
[30] There has also been recent interest in dynamic capillary effects. Hassanizadeh et al. [2002] propose a model where the capillary pressure is dependent on the rate of change of saturation through,
at where P. is the static capillary pressure (saturation dependent), and r is a parameter which can be saturation dependent. With regards to the capillary pressure, equation (4) predicts that if a particular saturation is reached at the front, the associated capillary pressure will depend on the applied flux, with larger fluxes (and thus a larger OS, / (9t) giving a lower capillary pressure. Looking at the data, it is seen that in the points clustered around a saturation of 0.4 in Figure 7 , the flux for the three different symbols varies by over 2 orders of magnitude, while the capillary pressure is the same. This is also true for all of the other points on the curve, which includes fluxes over 3 orders of magnitude up to a flux of 8 cm/mm. Thus the data presented here show no evidence for behavior described by equation (4). Of course, equation (4) cannot be contradicted (7 may be equal to 0), but the data can give an upper limit on T. Assuming a REV length scale of 0.5 cm, q = 8 cm/min corresponds to as / Pt = 0.3 s, and further assuming that a pressure difference greater than 3 cm of water can be resolved (300 Pa), this gives a maximum value T = 103 kg/ms.
[31] Along these lines, it has also been proposed that saturation overshoot can be caused by a nonmonotonic P-S curve on imbibition Glass, 2002, 2003] . It is interesting that the data here show a slight nonmonotonicity around S = 0.6 in the P-S curve ( Figure 7 ) and around q = 0.05 cm/min (Figure 4 ). This nonmonotonicity is small (less than 1 cm of water) so it may be an artifact, although it was experimentally persistent (see Figure 3) .
[32] Capillary pressure overshoot has been postullited to be a prerequisite for flow instabilities and preferential flow in uniform porous media [Raats, 1973; Eliassi and Glass, 2001] . For this sandy medium, it is found that capillary pressure overshoot occurs only when S i = 0.06 or less. In instability experiments using the same sand and moderate flow rates, this is precisely the initial saturation that is required to stabilize the infiltration and eliminate preferential flow [Bauters et al., 2000] . Also, this saturation is the same saturation that is needed to eliminate saturation overshoot, which is related to capillary pressure overshoot [DiCarlo, 2004] . The consistency of our results with these observations are further evidence that flow instabilities and preferential flow are connected to pressure and saturation overshoot.
[33] This being the case, infiltration into dry sand at very low fluxes (less than 0.01 cm/mm) is seen to produce capillary pressure overshoot but not saturation overshoot [DiCarlo, 2004] nor flow instabilities Yao and Hendricicr, 1996] . Thus capillary pressure overshoot seems to be a necessary, but not sufficient, condition for saturation overshoot and/or unstable flow [Nieher et al., 2005] . This can be understood in terms of the pressure-saturation curves found in Figure 6 . For all fluxes, the capillary pressure overshoot is roughly 8 cm of pressure. At moderate to high infiltrating fluxes (0.8 and 8 cm/mm), an 8 cm pressure change results in a large change in saturation because the drainage curve is relatively flat for these saturations (0.3 and above). At low infiltrating flux (0.008 cm/min), an 8-cm pressure drop results in a minor change in saturation because the drainage curve is very steep at these saturations (0. 10 and below).
[34] There is a whole set of criteria for when flow will be intrinsically stable [Saffman and Ta ylor, 1958; Chuoke et al., 1959; Glass and Nicholl, 1996] , with stability stated mathematically as
where K is the intrinsic permeability of the medium, g is the gravitational constant, / is the angle between the flow direction and gravity, (p is the porosity, Pi and 92 are the densities of the invading and defending fluids, and 91 and 112 are the viscosities of the invading and defending fluids.
[35] In the relevant case for gravity driven fingering (water infiltrating downward), viscous forces will stabilize the flow (water being more viscous than air), and gravitational forces will destabilize the flow (water being heavier than air). In terms of unsaturated flow parameters, equation (5) reduces to
where q is the applied flux, and K(S) is the unsaturated conductivity at the front. Here the viscous forces are given by Darcy's law and act through the unsaturated conductivity. If the unsaturated conductivity of the medium behind the front matches or is below the infiltrating flux, the viscous force will be greater than or equal to the gravitational force, and the flow will be stable. But if the unsaturated conductivity of the medium behind the front is greater than the infiltrating flux, the viscous force will be less than the gravitational force, and instability may occur. What makes this argument simple to use is that for steady state flows, the unsaturated conductivity well behind the front must eventually equal the infiltrating flux. Thus stability analysis tells us that if there is "unsaturated conductivity" overshoot (that is, the unsaturated conductivity is higher at the front than well behind the front), instability can occur, and if there is no "unsaturated conductivity" overshoot, the flow will be stable.
[36] Unsaturated conductivity (K) is usually displayed as a function of water saturation [as shown in equation (6)] with a linear abscissa, but it can be displayed as a function of capillary pressure with a logarithmic abscissa [Bear, 19721. Since saturation is a hysteretic, nonlinear function of capillary pressure, either the K-Pc or K-S curves must show hysteresis. As the saturation determines how large the conduits are for the flow of that particular phase, it is commonly assumed that the K-Pa curve is much more hysteretic than the K-S curve [Bear, 1972] . This assumption implies that "unsaturated conductivity" overshoot is associated more closely with saturation overshoot. While capillary pressure overshoot does create some saturation overshoot at the lowest fluxes, the magnitude of that saturation overshoot is not that great (as seen in Figure 6 ). Further studies are needed to determine the magnitude of "unsaturated conductivity overshoot" needed to induce flow instability.
[37] In summary, capillary pressure overshoot is found to occur for infiltrations into dry and partially wet sand packs and cannot be described by standard models of infiltration. The capillary pressure overshoot occurs for a wider range of infiltrating fluxes and initial water contents than the associated saturation overshoot. This can be understood in terms of hysteresis in the pressure-saturation curves. The combined pressure-saturation measurements suggest that even for high-velocity imbibition fronts, the pressure and saturation behind the front follow the static imbibition curve. This suggests that capillary pressure overshoot and saturation overshoot are directly related, and a complete understanding of either of these phenomena leads directly to the other.
